Human receptors for sweet and umami taste
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The three members of the T1R class of taste-specific G protein-
coupled receptors have been hypothesized to function in combi-
nation as heterodimeric sweet taste receptors. Here we show that
human T1R2/T1R3 recognizes diverse natural and synthetic sweet-
eners. In contrast, human T1R1/T1R3 responds to the umami taste
stimulus L-glutamate, and this response is enhanced by 5'-ribo-
nucleotides, a hallmark of umami taste. The ligand specificities of
rat T1IR2/T1R3 and T1R1/T1R3 correspond to those of their human
counterparts. These findings implicate the T1Rs in umami taste and
suggest that sweet and umami taste receptors share a common
subunit.

arge-scale sequencing of a subtracted cDNA library derived

from rat taste tissue identified a new C-family G protein-
coupled receptor, T1R1, that is expressed selectively in taste
receptor cells; TIR1-based degenerate PCR led to the identifi-
cation of a related taste-specific receptor, TIR2 (1). Recently, a
third and possibly final member of the T1R family, TIR3, was
identified in the human DNA databank (2-7). Tellingly, mouse
T1R3 maps to a genomic interval containing Sac, a locus that
influences sweet taste in the mouse (8, 9). Recent high-
resolution genetic mapping and complementation studies have
strengthened the connection between mouse T1R3 and Sac
(2-7). Although T1R1 and T1R2 appear to be expressed in
predominantly nonoverlapping regions of the tongue, they each
are coexpressed with T1R3 (1, 3, 4, 6). These overlapping
expression patterns and precedent from the structurally related
heterodimeric y-aminobutyric acid type B receptor (10-13)
suggested that TIR1 and T1R2 may combine with T1R3 to form
heterodimeric sweet taste receptors. Indeed, rat T1IR2 has been
shown recently to function in combination with T1R3 to recog-
nize a subset of sweet taste stimuli, a finding that has been
proposed to reflect the involvement of additional combinations
of T1Rs in sweet taste (6). In this study we cloned and func-
tionally expressed human and rat T1Rs. Human and rat TIR2/
T1R3 recognized all sweet taste stimuli tested, and human and
rat TIR1/T1R3 recognized umami taste stimuli. These findings
suggest that different combinations of T1Rs function as het-
erodimeric sweet and umami taste receptors.

Material and Methods

T1R Cloning. Intronless human T1R expression constructs were
generated in a pEAK10-derived vector (Edge Biosystems, Gaith-
ersburg, MD) by a combination of cDNA-based and genomic
DNA-based methods. To generate the full-length TIR1 expres-
sion construct, two 5’ coding exons identified in a cloned T1R1
interval (GenBank accession no. AL159177) were combined by
PCR overlap and then joined to a 5'-truncated testis cDNA
clone. The T1R2 expression construct was generated from a
partially sequenced T1R2 genomic interval. Two missing TIR2
5’ introns were identified by screening shotgun libraries of the
cloned genomic interval using probes derived from the corre-
sponding rat coding sequence. Coding exons then were com-
bined by PCR overlap to produce the full-length expression
construct. The T1R3 expression construct was generated by PCR
overlap from a sequenced T1R3 genomic interval (GenBank
accession no. AL139287). Rat TIR3 was isolated from a taste-
tissue-derived cDNA library by using a rat TIR3 exon fragment
generated by human T1R3-based degenerate PCR.
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G5 chimeras were generated in a pEAK10-derived vector by
PCR with mutagenic primers. The five-residue C-terminal tail of
Gais, EINLL, was replaced with EYNLV (G.q and Gai1),
EFNLV (Gai4), QYELL (Ggs and Goir), DCGLF (Gait, Gaizs
Gatt, Ga, and Gegust), ECGLY (Ggiz), GCGLY (Geor and
Gao2), YIGLC (Gay), DIMLQ (Gai2), or QLMLQ (Gai3).

Taste Detection Thresholds. Detection threshold values were de-
termined following the methods of Schiffman et al. (14) and
averaged over three trials for four subjects.

T1R Functional Expression. HEK-293T and a HEK-293 derivative
that stably expresses Gq15 (Aurora Biosciences, San Diego; ref.
15) were grown and maintained at 37°C in DMEM supplemented
with 10% FBS and MEM nonessential amino acids (GIBCO/
BRL); the medium for Ggs cells also contained 3 pgml™!
blasticidin (GIBCO/BRL). For calcium-imaging experiments,
cells first were seeded onto 24-well tissue-culture plates
(=100,000 cells per well) and transfected by using Mirus TransIt-
293 (Panvera, Madison, WI). Transfection efficiencies, which
were estimated by cotransfection with a red fluorescent protein
expression vector, were typically ~70%. To minimize glutamate-
induced and glucose-induced desensitization, supplemented
DMEM was replaced with low-glucose DMEM supplemented
with GlutaMAX and 10% dialyzed FBS (GIBCO/BRL) ~24 h
after transfection. After an additional 24 h, cells were loaded
with the calcium dye fluo-4 acetoxymethyl ester (Molecular
Probes), 3 uM in Dulbecco’s PBS buffer (DPBS, GIBCO/BRL),
for 1.5 h at room temperature. After replacement with 250 ul of
DPBS, stimulation was performed at room temperature by the
addition of 200 ul of DPBS supplemented with taste stimuli.
Calcium mobilization was monitored on an Axiovert S100
microscope equipped with an inverted X10/0.5 long working
distance plano fluor objective (Zeiss) and a cooled charge-
coupled device camera (Princeton Instruments, Trenton, NJ).
Fluorescence images were acquired at 480-nm excitation and
535-nm emission and analyzed with IMAGING WORKBENCH 4.0
software (Axon Instruments, Foster City, CA). T1R receptor
activity was quantitated by counting the number of responding
cells 30 sec after stimulus addition. Stimuli were tested at
concentrations that do not elicit calcium responses from mock-
transfected G5 cells. Compounds used (and typical concentra-
tions) were: acesulfame K (2.5 mM), L-AP4 (10 mM), aspartame
(2.5 mM), pD-aspartate (50 mM), L-aspartate (50 mM), CMP (5
mM), cyclamate (5 mM), denatonium benzoate (5 mM), dulcin
(0.1 mM), fructose (300 mM), galactose (300 mM), glucose (300
mM), D-glutamate (25 mM), L-glutamate (25 mM), L-glutamine
(10 mM), glycine (250 mM), GMP (1 mM)), L-histidine (10 mM),
IMP (1 mM), lactose (250 mM), L-leucine (10 mM), L-lysine (10
mM), maltose (300 mM), monellin (0.01%), neotame (0.1 mM),
perillartine (15 uM), L-proline (10 mM), quinine hydrochloride
(0.25 mM), saccharin (1 mM), L-serine (10 mM), sodium chlo-

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos.: human T1R1, BK000153; human T1R2, BK000151; human T1R3,
BK000152; and rat T1R3, AF456324).
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Fig. 1. Sequence alignment of human and rat T1Rs. T1R sequences determined in this study, human T1R1 (GenBank accession no. BK000153), T1R2 (accession
no. BK000151), T1R3 (accession no. BK000152), and rat T1R3 (accession no. AF456324), are aligned here with previously described rat T1Rs (accession nos.
AAD18069 and AAD18070) and the rat mGluR1 metabotropic glutamate receptor (accession no. P23385). The mGIluR1 C terminus is not shown. Potential
transmembrane segments are boxed in blue. mGluR1 ligand-binding residues are highlighted following the color scheme used in Fig. 3A.

ride (100 mM), sucralose (1 mM), sucrose (300 mM), thaumatin
(0.01%), D-tryptophan (10 mM), L-tryptophan (10 mM), and
L-tyrosine (5 mM). DPBS adjusted to pH 4.5 with acetic acid was
used as a sour taste stimulus.

Human T1R2/T1R3 stable cell lines were generated by trans-
fecting linearized pEAK10-derived T1R2 and pCDNA3.1/
ZEO-derived (Invitrogen) T1R3 vectors into Ggs cells. Cells
were selected in 0.5 pg'ml~! puromycin (Calbiochem) and 100
pg'ml~! zeocin (Invitrogen) at 37°C in low-glucose DMEM
supplemented with GlutaMAX/10% dialyzed FBS/3 ugml™!
blasticidin. Resistant colonies were expanded, and their re-
sponses to sweet taste stimuli were evaluated by fluorescence
microscopy. For automated fluorometric imaging on VIPR-II
instrumentation (Aurora Biosciences), TIR2/T1R3 stable cells
first were seeded onto 96-well plates (=~15,000 cells per well).
After 24 h, cells were loaded with the calcium dye fluo-3
acetoxymethyl ester (Molecular Probes), 5 uM in PBS, for 1 h at
room temperature. After replacement with 70 ul of PBS,
stimulation was performed at room temperature by the addition
of 70 wl of PBS supplemented with taste stimuli. Fluorescence
(480-nm excitation and 535-nm emission) responses from 20 to
30 sec after compound addition were averaged, corrected for
background fluorescence measured before compound addition,
and normalized to the response to the calcium ionophore
ionomycin (1 uM, Calbiochem).

Results and Discussion

We cloned human and rat T1Rs for functional expression
experiments (Fig. 1). The G protein or G proteins that couple to
the T1Rs in vivo are not known. Consequently, we transiently
transfected the human T1Rs into a HEK-293-derived cell line
that stably expresses Ggi5, @ promiscuous phospholipase C-
linked G protein (15, 16). Sucrose elicited transient intracellular
calcium increases in G5 cells cotransfected with human T1R2
and T1R3 but not in cells transfected with TIR2 or T1R3 alone.
T1R2/T1R3 activity was inhibited by the sweet taste inhibitor
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lactisole (17); this inhibition likely reflects antagonism at the
T1R2/T1R3 receptor, because lactisole did not inhibit the
G.i1s-dependent activity of endogenous B;-adrenergic receptor
(Fig. 24). In addition to sucrose, TIR2/T1R3 responded to all
other sweet taste stimuli tested: the sugars fructose, galactose,
glucose, lactose, and maltose; the amino acids glycine and
D-tryptophan (but not its bitter enantiomer); the sweet proteins
monellin and thaumatin; and the synthetic sweeteners acesul-
fame K, aspartame, cyclamate, dulcin, neotame, saccharin, and
sucralose (Fig. 2B).

The weak responses of T1R2/T1R3-transfected cells pre-
cluded quantitating receptor activity by monitoring summated
fluorescence changes over fields of calcium-dye-loaded cells as,
for example, in Chandrashekar et al. (15). However, increased
receptor activity in G,is-based assays is reflected not only in
increased magnitudes of the calcium responses of individual cells
but also in increased numbers of responding cells. Therefore, we
quantitated T1R receptor activity by counting the number of
responding cells after stimulus addition. To validate this method,
ECs values were determined for several test receptors including
the mGluR4 metabotropic glutamate receptor and mT2RS5
cycloheximide receptor and found to correspond to published
values (data not shown). The dose responses of TIR2/T1R3
were determined in this manner for several sweeteners, which
activated TIR2/T1R3 at physiologically relevant concentrations
with a rank order similar to human taste (Fig. 2C). Moreover,
stable expression in G5 cells markedly increased TIR2/T1R3
activity and allowed us to quantitate receptor activity by mon-
itoring summated calcium signals with automated fluorometric
imaging. The increased activity of the TIR2/T1R3 stable cell
line resulted in 2-5-fold left-shifted dose-response curves rela-
tive to cells transiently transfected with TIR2/T1R3 (Fig. 2D).
This close correspondence further validates quantification of
receptor activity by counting cells.

The response of human TI1R2/T1R3 to all sweet taste
stimuli tested contrasted with the limited response of rat
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Fig.2. HumanandratT1R2/T1R3 recognize sweet taste stimuli. (A) Gu15 cells
transiently transfected with human T1R2 and T1R3 and HEK-293T cells tran-
siently transfected with rat T1R2, T1R3, and G,5/i1 were assayed for intracel-
lular calcium increases in response to 300 mM sucrose in the presence (+) and
absence (—) of 1.25 mM lactisole and to 10 nM isoproterenol in the presence
and absence of 1.25 mM lactisole. Each imaged field shown contains ~1,000
confluent cells. (B) The responses of human T1R2/T1R3 and rat T1R2/T1R3
were determined for sweet taste stimuli at the concentrations listed in Ma-
terials and Methods. (C) Human T1R2/T1R3 dose responses were determined
for sucrose, b-tryptophan, aspartame, and saccharin. Dose responses were
normalized to the maximal percentage of responding cells, which ranged
from 10 to 40% for different sweeteners. Values represent the mean =+ SE of
four independent responses. The x axis circles represent average psychophys-
ical detection threshold values for these four sweeteners. (D) The dose re-
sponses of G5 cells stably transfected with human T1R2 and T1R3 were
determined for sucrose, b-tryptophan, aspartame, and saccharin. Responses
are shown as the percentage of fluorescence values relative to fluorescence
increases elicited by 1 M ionomycin. Values represent the mean = SE of four
independent responses. (E) HEK-293T cells were transiently transfected with
ratT1R2, rat T1R3, and each G,15chimera, and assayed for intracellular calcium
increases in response to 75 mM sucrose. The five C-terminal residues of each
G,15 chimera are shown. The activities in B and E represent the mean * SE
number of responding cells for four imaged fields of ~1,000 confluent cells.

T1R2/T1R3 determined previously by functional expression
in heterologous cells and coupling to Gui6/244 (2 Gaie variant
containing the C-terminal 44 residues of G,; refs. 6 and 18).
To address this discrepancy, we transfected rat TIR2 and
T1R3 into G5 cells and found that only high concentrations
of a small number of sweet taste stimuli elicited detectable
responses. These weak responses prompted us to investigate
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the possibility that rat TIR2/T1R3 responses to additional
sweet taste stimuli might be obscured by deficiencies in the
Gis- and Gai6/244-based assays such as poor expression of the
rat T1Rs or inefficient G protein coupling. Several G,;-linked
receptors have been shown to couple more efficiently to a Goq
variant containing the C-terminal five residues of G,;> than to
Goq (19) and more efficiently to Gai6/z44 than to Gaie (18).
Accordingly, we reasoned that replacing the G,;5 C terminus
with that of the G protein that couples to TIR2/T1R3 in vivo
would improve coupling efficiency. Because the identity of this
G protein is not known, we generated a panel of G,;5 chimeras
in which the five-residue C-terminal tail of G,i5 was replaced
by the tails of all other G proteins. The response of rat
T1R2/T1R3-transfected HEK-293T cells to sucrose was en-
hanced in the presence of chimeras containing the C termini
of Ggi-related G proteins or a chimera containing the C
terminus of G.q (Fig. 2E). Transient cotransfection of a Gqis
chimera containing the C-terminal tail of Gi1, Gais/i1, With rat
T1R2 and T1R3 into HEK-293T cells revealed responses to all
sweet taste stimuli tested (except for compounds such as
aspartame and monellin that taste sweet to humans but are not
palatable to rodents; Fig. 2B; refs. 20 and 21). Lactisole, which
does not inhibit sweet taste in rats (17), did not inhibit rat
T1R2/T1R3 activity (Fig. 2A4).

The inclusive ligand specificity of human and rat TIR2/T1R3
suggested that TIR1/T1R3 mediates a different taste modality.
We speculated that TIR1/T1R3 might function as an umami
taste receptor because key ligand-binding residues of the
mGluR1 metabotropic glutamate receptor are conserved in
T1R1 (Figs. 1 and 34; ref. 22). Indeed, L-glutamate elicited
transient intracellular calcium increases in Ggi5 cells cotrans-
fected with human T1R1 and T1R3 but not in cells transfected
with T1R1 or T1R3 alone (Fig. 3 B and C).

Robust synergism between L-glutamate and the 5’ ribonucle-
otides IMP and GMP is a hallmark of umami taste (23). IMP or
GMP alone did not activate human T1R1/T1R3, but these 5’
ribonucleotides potentiated the TIR1/T1R3 response to L-
glutamate; CMP, which does not enhance umami taste, had no
effect (Fig. 3 B and D). In the presence of 0.2 mM IMP, the ECs
of TIR1/T1R3 for L-glutamate was shifted 30-fold; this dramatic
effect on TIR1/T1R3 activity was similar to the effect of these
compounds on umami taste (Fig. 3C). The effect of IMP on
T1R1/T1R3 was saturable (Fig. 3E) and selective; human
T1R2/T1R3 was not activated by L-glutamate in the presence of
IMP, and IMP did not enhance the response of human T1R2/
T1R3 to sweet taste stimuli (Fig. 3F). In contrast to L-glutamate,
T1R1/T1R3-transfected cells did not respond to the weak
umami taste stimuli L-aspartate and L-AP4 (23). In the presence
of IMP and GMP, however, these compounds activated T1R1/
T1R3 at physiologically relevant concentrations (Fig. 3 D and G).
The response of TIR1/T1R3 was selective for umami taste
stimuli; TIR1/T1R3 did not respond to sweet taste stimuli,
amino acids such as D-glutamate and D-aspartate, or binary
mixtures of these compounds with IMP (Fig. 3H).

As in human taste, IMP enhances L-glutamate taste in rodents,
and rodent taste tests suggest that L-aspartate and L-AP4 mimic
L-glutamate (24-26). Cotransfection of G511 with rat T1IR1
and T1R3 into HEK-293T cells revealed responses to binary
mixtures of IMP with L-glutamate and L-aspartate but not
L-AP4; responses to L-glutamate and L-aspartate were observed
also in the presence of GMP but not CMP (Fig. 37). L-Glutamate
and L-aspartate in the presence of 2.5 mM IMP activated rat
T1R1/T1R3 with similar potency (Fig. 3/). Rat TIR1/T1R3 did
not respond to sweet taste stimuli such as sucrose and D-
tryptophan, D-glutamate, D-aspartate, or binary mixtures of
these compounds with IMP (data not shown).

In summary, our findings suggest that different combinations of
T1Rs function as sweet and umami taste receptors. Intriguingly,
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Fig.3. HumanandratT1R1/T1R3 recognize umami taste stimuli. (A) mGIluR1 residues (PDB entry no. 1EWK) that contact the L-glutamate side chain carboxylate

are shown in red, and residues that contact the L-glutamate a-amino acid moiety are shown in green. (B) G,1s cells transiently transfected with human T1R1 and
T1R3 were assayed for intracellular calcium increases in response to increasing concentrations of L-glutamate in the presence or absence of 1 mM IMP. Each
imaged field shown contains ~1,000 confluent cells. (C) Human T1R1/T1R3 dose responses were determined for L-glutamate in the presence and absence of 0.2
mM IMP. Dose responses were normalized to the maximal percentage of responding cells, which was ~5% for L-glutamate and ~10% for L-glutamate plus IMP.
Values represent the mean = SE of four independent responses. The x axis circles represent average psychophysical detection threshold values for L-glutamate
in the presence and absence of 0.2 mM IMP. (D) Human T1R1/T1R3 responses to 25 mM b-glutamate, 25 mM L-glutamate, 25 mM L-aspartate, 25 mM L-AP4, and
binary mixtures of these compounds with 2.5 mM IMP, 2.5 mM GMP, or 2.5 mM CMP were determined. (E) Human T1R1/T1R3 dose responses were determined
for IMP in the presence of 0.2 and 2 mM L-glutamate and normalized to the maximal percentages of responding cells, which were ~10%. Values represent the
mean = SE of four independent responses. (F) Human T1R2/T1R3 responses to 25 mM L-glutamate, 100 mM sucrose (SUC), 2.5 mM b-tryptophan, 1.5 mM
aspartame (ASP), and 0.4 mM saccharin (SAC) were determined in the presence and absence of 2.5 mM IMP. (G) Human T1R1/T1R3 dose responses were
determined for L-aspartate and L-AP4 in the presence of 0.2 mM IMP. Dose responses were normalized to the maximal percentage of responding cells, which
was ~5% for L-aspartate plus IMP and ~10% for L-AP4 plus IMP. Values represent the mean = SE of four independent responses. The x axis circles represent
average psychophysical detection threshold values for L-aspartate plus 0.2 mM IMP and L-AP4 plus 0.2 mM IMP. (H) Human T1R1/T1R3 responses to sucrose (100
mM), b-tryptophan (20 mM), aspartame (2 mM), saccharin (1 mM), L-tyrosine (5 mM), and p-glutamate, L-glutamine, p-aspartate, glycine, L-histidine, L-leucine,
L-lysine, L-proline, and L-serine (each at 10 mM) were determined in the presence and absence of 1 mM IMP. (/) HEK-293T cells were transiently transfected with
rat T1R1, rat T1IR3, and G,15/i1 and assayed for increases in intracellular calcium in response to 25 mM b-glutamate, 25 mM L-glutamate, 25 mM L-aspartate, 25
mM L-AP4, and binary mixtures with 2.5 mM IMP, 2.5 mM GMP, or 2.5 mM CMP. (J) Rat T1IR1/T1R3 dose responses were determined for L-aspartate and
L-glutamate in the presence of 0.2 mM IMP. Dose responses were normalized to the maximal percentage of responding cells, which was ~10% for L-aspartate
plus IMP and ~15% for L-glutamate plus IMP. Values represent the mean + SE of four independent responses. The activitiesin D, F, H, and I represent the mean +
SE number of responding cells for four imaged fields of ~1,000 confluent cells.

human and rat TIR2/T1R3 were activated by all sweet taste stimuli
tested. TIR2/T1R3 therefore may be the only sweet taste receptor.
Analogously, the finding that all umami taste stimuli tested acted in
combination with 5’ ribonucleotides at human T1R1/T1R3 raises
the possibility that TIR1/T1R3 is the only umami taste receptor.
Discrepancies between T1R1/T1R3 activity and umami taste (such
as the lack of response of rat TIR1/T1R3-transfected cells to
L-AP4) may reflect deficiencies in the Ggis5-based assay or the
involvement in umami taste of other receptors such as two previ-
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ously identified candidate umami taste receptors (27, 28). Evalua-
tion of these hypotheses awaits further experimentation such as
characterization of T1R-null mice.

Preliminary analysis of T1R surface expression with epitope-
tagged receptors revealed that the T1Rs are predominantly
localized intracellularly (L.S., unpublished data). Such negligible
amounts of surface receptors, although evidently sufficient for
activity, confound coimmunoprecipitation experiments with
whole-cell lysates and preclude biochemical analysis of T1R

PNAS | April2,2002 | vol.99 | no.7 | 4695

NEUROBIOLOGY



interactions on the surface of heterologous cells. However, the
hypothesis that mammalian T1Rs function as heterodimeric
sweet and umami taste receptors is supported by functional
codependence, coincident expression in taste receptor cells (3, 4,
6), and precedent from the structurally related heterodimeric
y-aminobutyric acid type B receptor (10-13). The presence of
three T1R1-like and two T1R3-like genes in the pufferfish
genome suggests that the emergence of heterodimeric C-family
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